autografts, especially for the reconstruction of long gaps or motor nerves. [5] [6] [7] Because Schwann cells and axons are eliminated after decellularization, the addition of supporting cells has been proposed to improve allografts. Perivascular mesenchymal stromal cells that are derived from the stromal vascular fraction of adipose tissue have many clinical advantages, including easy accessibility, rapid proliferation, and immunomodulatory effects. 8 Multiple studies have shown that mesenchymal stromal cells have a beneficial effect on nerve regeneration and that mesenchymal stromal cells can potentially provide the necessary support for nerve regeneration through local production of essential growth factors. [9] [10] [11] Despite progress in our understanding of the beneficial roles of mesenchymal stromal cells in peripheral nerve repair, differences in seeding strategies have resulted in varying outcomes and these differences have precluded comparisons of results between studies. Ikebe and Suzuki demonstrated that protocols in clinical trials on mesenchymal stromal cells varied widely and highlighted the importance of developing optimized and standardized methods. 12 An adequate cell seeding technique is essential for evaluating the potential of stem cells on nerve regeneration. Ideally, the optimal seeding technique should distribute cells homogeneously, have a high cell seeding efficiency, and minimize cell/graft injury. In addition, such seeding techniques should be reproducible, easy to use, and validated. For clinical use, the technique should also be rapid and user independent. 13 Cell seeding on a solid support proceeds generally by either static or dynamic seeding. [14] [15] [16] In previous studies, dynamic cell seeding resulted in more efficient and homogeneous cell seeding compared with static seeding. 17 The purpose of this study was to develop a simple seeding method to efficiently seed a decellularized nerve allograft with mesenchymal stromal cells, which would be optimally suited for clinical strategy applications for nerve repair. We also investigated the optimal seeding duration and validated the consistency of our approach.
MATERIALS AND METHODS

General Design
To determine whether cell-seeding duration has an effect on cell attachment and seeding efficiency, cell viability, density, and migration into the graft were evaluated at four different time points of incubation (6, 12, 24 , and 72 hours). These time points were based on the literature and potential human clinical translation (preoperative planning); the critical factor was to determine the shortest and most effective seeding time possible. 18 The seeding method, cell viability, and effect of seeding duration were first evaluated on rat mesenchymal stromal cells seeded onto rat nerve allografts. When the rat process was successful, the seeding method and cell viability were tested on human mesenchymal stromal cells seeded onto human nerve allografts.
Allograft Preparation
This study was approved by the institutional animal care and use committee and our institutional review board. Previous work by our laboratory on decellularization techniques resulted in reduced immunogenicity, diminished cellular debris, and better maintenance of the ultrastructure compared with the commercially available processed nerve allograft. 19 Sciatic nerve segments of 2 cm were therefore harvested from a total of 36 donor male Sprague-Dawley rats weighing 250 to 350 g (corresponding to 59 to 70 days old) (Harlan; Indianapolis, Ind.). After isoflurane induction, rats were killed with an overdose of sodium pentobarbital. Sciatic nerves were excised aseptically, cleared of peripheral fat and connective tissue, and decellularized.
The human motor nerves (thoracodorsal and long thoracic nerves) were obtained from one 61-year-old fresh male human cadaver. Subjects with a history of a condition that affects the peripheral nervous system were excluded. All segments were decellularized using the protocol described by Hundepool et al. 19 Briefly, the samples were treated with different detergents, including Triton X-200, sulfobetaine-16, and sulfobetaine-10, and enzymatic solutions. Finally, the nerves were sterilized using γ-radiation and stored at 4°C for a maximum of 14 days before seeding. All chemicals were purchased from Sigma (St. Louis, Mo.), and all solutions were autoclaved or filter-sterilized before use.
Mesenchymal Stem Cells
Rat mesenchymal stromal cells were obtained from isogenic male Lewis rats weighing 250 to 350 g (corresponding to 59 to 70 days old), as described previously by Kingham et al. 20 Sprague-Dawley donor nerves were seeded with Lewis rat mesenchymal stromal cells to obtain a major histocompatibility complex mismatch, similar to the human allografts. 21 After euthanasia, the inguinal fat pad was carefully dissected and minced using a sterile razor blade. The tissue was enzymatically digested for 2 hours at 37°C using 0.15% collagenase type 1 (Worthington Biochemical Corp., Lakewood, N.J.). The solution was passed through a 70-um Human mesenchymal stromal cells were isolated from abdominal lipoaspirates from a representative 41-year-old male donor with written informed consent and institutional approval. Cell isolation and culture conditions have been described previously. [22] [23] [24] These cells have been routinely used at our institute for clinical trial applications and have been extensively tested for cell surface markers, RNA-seq transcriptome profiles, and multilineage potential. 8, 22, 25 All mesenchymal stromal cells used in this study were of passage 5.
Seeding Technique
The Lewis rat mesenchymal stromal cells were then seeded onto the Sprague-Dawley decellularized rat allografts at different durations of incubation (6, 12, 24 , and 72 hours). The human mesenchymal stromal cells were seeded onto the decellularized human allografts at one time point (12 hours) . This technique involves a nine-step process as depicted in Figure 1 6. Place tubes horizontally in a bioreactor rotator system (Revolver; Labnet, Edison, N.J.) and secure the tubes. Balance the tubes on the rotator (maximum of six tubes per side) with a rotation axis of 30 degrees. 7. Turn rotator on at fixed speed 18 rpm to remove the gravitational component and place the rotator in an incubator at 37°C (98.6°F) and 5% carbon dioxide. 8. Incubate for 12 hours. 9. Place seeded nerves in a culture dish after 12 hours of bioreactor seeding.
Cell Viability MTS Assay
To determine the influence of the graft and possible remnants of the decellularization process and seeding strategy on the viability of the mesenchymal stromal cells, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assays (Aqueous One Cell Proliferation Assay; Promega, Madison, Wis.) were performed on mesenchymal stromal cell-seeded nerves according to the manufacturer's instructions. The wells with the nerve samples were coated with poly(2-hydroxyethyl methacrylate) to prevent migration of cells to the well. Wells filled with medium and MTS reagent only served as a negative control and for subtraction of the background signal. Wells incubated with mesenchymal stromal cells served as a positive control. MTS assays were performed in triplicate for each group at multiple time points after incubation (1, 2, 3, and 7 days). Results were analyzed using a microplate reader (SpectraMax Plus 384; Molecular Devices, Sunnyvale, Calif.) at an absorbance wavelength of 490 nm.
Seeding Efficiency, Cell Density, and Distribution Scanning Electron Microscopy
Seeded samples (n = 1 per time point) were fixed in 2% Trump's fixative solution (37% formaldehyde and 25% glutaraldehyde) and processed for scanning electron microscopy. Samples were rinsed, fixed, and desiccated with (1) phosphatebuffered saline (two times), (2) water (two times), (3) 10% ethanol, (4) 30% ethanol, (5) 50% ethanol, (6) 70% ethanol, (7) 90% ethanol, (8) 95% ethanol, and (9) 100% ethanol (two times). Samples were then placed in a critical point dryer while still in 100% ethanol and subsequently attached to an aluminum stub by double-sided conductive tape. The final preparation included sputter-coating for 90 seconds with gold-palladium. Images of the surface of the graft were obtained at three different magnifications (150×, 500×, and 1800×) (Hitachi S-4700 field emission scanning electron microscope; Hitachi, Tokyo, Japan). Seeding efficiency, determined as the percentage of graft coverage, and cell morphology were observed by one investigator. To obtain interrater and intrarater reliability of the seeding efficiency, results were compared with pilot data from two independent investigators at two different time points.
Live/Dead Stain
After incubation at 37°C for 6, 12, 24, and 72 hours, seeded samples (n = 3 per time point) were stained using a standard Live/Dead Cell Viability Assay (Invitrogen, Life Technologies, Grand Island, N.Y.) following the manufacturer's instructions. Live cells were identified by the incorporation of the membrane-permeable calcein AM stain within a cell, whereas dead cells were identified by the binding of ethidium homodomer-1 to the nucleic acids of cells with damaged plasma membranes. The cells were visualized using confocal microscopy (Zeiss LSM 780; Carl Zeiss, Oberkochen, Germany).
Hoechst Stain
Following the Live/Dead stain, seeded samples (n = 2 per time point) were Hoechst 33342 stained (Invitrogen, Life Technologies). The seeded grafts were longitudinally visualized using confocal Plastic and Reconstructive Surgery • August 2018 microscopy (Zeiss LSM 780). Subsequently, to evaluate migration into the graft, samples (n = 1 per time point) were suspended in optimum cutting temperature (Tissue-Tek, Sakura, Torrance, Calif.) compound and snap-frozen. Then, 15-μm cross-sections of different levels of the nerve were evaluated for the presence of cell nuclei (Hoechst 33342 stained) to determine cell penetration into the graft.
Image Analysis
All images were analyzed using ImageJ (National Institutes of Health, Bethesda, Md.). For scanning electron microscopic images, to determine the seeding efficiency, images were converted to 8-bit and the MaxEntropy automatic thresholding method was applied. MaxEntropy used the mean of gray levels as the threshold. 26 The fraction below the threshold (the part of the graft not covered by cells) was then calculated using the Measure Area Fraction function and was calculated by subtracting this fraction 100 percent. In the Live/Dead-stained samples, the numbers of live and dead cells were determined per microscopic field. The number of positive Hoechst-stained cells (nuclei) was counted manually. All Hoechststained samples were also postfixed with 10% neutral buffered formalin (Thermo Fisher Scientific, Waltham, Mass.), wrapped in foil, and stored at 4°C. After the final time point, all nerves were transferred to a 48-well plate and fluorescence was quantified using a microplate reader (SpectraMax Plus 384; Molecular Devices, Sunnyvale, Calif.) at an absorbance wavelength of 340/460 nm.
Statistical Analysis
Cell counts were performed at least three times and results were expressed as the mean ± SD. The data were analyzed using one-way analysis of variance with Bonferroni post hoc correction for multiple comparisons. For nonnormally distributed data, the Kruskal-Wallis test was used. To assess the validity and reliability of these measurements, the interrater and intrarater reliability of this method was calculated using the intraclass correlation coefficient. A value of p < 0.05 was considered statistically significant.
RESULTS
Cell Viability
Results from MTS assays demonstrate that all cells have robust mitochondrial metabolic activity at all time points as is expected from actively proliferating cells. MTS absorbance increases between days 1 (average, 0.65 ± 0.33) and 3 (average, 1.27 ± 0.06), and decreases between days 3 and 7 (average, 0.82 ± 0.13), consistent with a more active proliferative phase during the first few days when mesenchymal stromal cells settle on the decellularized construct.
Cell Density, Distribution, and Seeding Efficiency
Scanning Electron Microscopy All of the following results are based on rat tissue. To evaluate cell morphology and coverage of cells seeded on the graft, scanning electron microscopic images were obtained. Manual quantification of the cell distribution was not possible, as the cells formed aggregates on the graft. Mesenchymal stromal cells attaching to the decellularized nerve allograft formed flat (layered) sheets. Figure 2 depicts the seeded nerve allografts at the four time points and at three different magnifications (150x, 500x, and 1800x μm). The cells appeared evenly distributed throughout the nerve grafts, and the number of cells/percentage of coverage gradually increased. Cell morphology was consistent throughout the time course of the experiment. Objective fraction analysis of the gray levels (seeding efficiency) indicates that there is a significant (p = 0.004) mean increase of 79.5 percent at 6 hours, to the longer seeding durations, 89.2 percent at 12 hours, 88.1 percent at 24 hours, and 89.7 percent at 72 hours (Fig. 3) .
Live/Dead Stain
Cells remained viable on the nerve allograft at all time points. Figure 4 shows Live/Dead staining of mesenchymal stromal cells on nerve allografts at the four different time points. From 6 to 12 hours in culture, the live cell count showed a 2-fold increase in cell attachment from 200 to 395 cells per microscopic field; whereas from 12 to 24 hours, cell counts increased only marginally, to 453 cells per microscopic field. The 72-hour time point showed a decreased cell count of 225 cells per field. However, these differences in cell number were not significant (p = 0.620 and p = 0.826) (Fig. 5) . At 12 hours, the nerve allograft was completely covered, indicating proliferation of cells on the graft, whereas only a few dead cells were seen. Figure 6 depicts nuclei of cells stained with Hoechst dye and Figure 7 presents the corresponding manual cell count. An increase in cell numbers was seen between 6 and 12 hours. A 12-hour seeding duration exhibited greater cell attachment and proliferation compared with 6 hours. No striking differences were found between 12 and 24 hours after seeding, and a decrease was noted between 24 and 72 hours. None of the differences were significant (p = 0.198).
Hoechst Stain
To control for manual counting errors, fluorescence intensity was also analyzed using a microplate reader after fixation of the cells (Fig. 8) . The fluorescence data show trends in cell proliferation during the first 24 hours that are similar to those observed for manual cell counts, but differences in cell counts over time were not significant (p = 0.392).
Mesenchymal stromal cells did not migrate on a large scale, but some positive staining was seen in the center of the graft, indicating that mesenchymal stromal cells are dynamically seeded with a bioreactor and can penetrate into the graft (Fig. 9) . 
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Technique Reliability
Analysis of seeding efficiency of three different scanning electron microscopic images that were seeded for 12 hours resulted in 90.2, 88.4, and 87.6 percent and demonstrated a high intrarater reliability (r = 0.97). Interrater reliability between two investigators was also high (r = 0.92).
DISCUSSION
Prior techniques used for stem cell seeding in peripheral nerve research have primarily used static-seeding methods, such as the injection method (Table 1) . 4, [27] [28] [29] [30] [31] [32] [33] [34] Aside from the known disadvantages of static seeding, the process of (micro) injection can be traumatic to both stem cells and delicate intraneural architecture and may lead to abnormal cell distribution. In addition, possible aggregation of cells because of needle passage can result in clusters of cells in the vicinity of the injection point. Moreover, injecting cells into small acellular nerves can be difficult. 35, 36 An alternative to the static injection technique is desirable, in particular for seeding of decellularized nerve allografts, as they are delicate and abundant in extracellular matrix proteins. In this study, we describe a novel and technically straightforward seeding method that effectively and consistently seeds acellular nerve allografts in a dynamic bioreactor.
In this study, results from MTS assays indicate that the seeding does not affect mesenchymal stromal cell metabolic activity. Scanning electron microscopic images showed that the rotating motion of the bioreactor enabled cells to distribute homogeneously over the graft and yielded a maximum seeding efficiency of 89.7 percent. This method also minimizes cell injury, as demonstrated by the Live/Dead stain. Furthermore, bioreactor-based cell seeding is reproducible and not traumatic to intraneural architecture.
A secondary goal of this study was to determine the optimal seeding duration. After 12 hours, the surfaces of the allografts were entirely covered with cells, and a significantly greater cell attachment and proliferation (seeding efficiency) was exhibited compared with shorter seeding durations. No statistical differences were found among 12, 24, and 72 hours of seeding, which is consistent within all outcome measurements and previous observations, showing that mesenchymal stromal cells exhibit exponential growth in the first days of seeding. 25 Although this was not statistically significant, live cell counts showed a decrease at 72 hours of incubation. This is secondary to the death of cells that do not attach to the nerve graft; although the exact effect is unknown, these dead cells could potentially secrete harmful signals. Also, longer incubation times could theoretically increase cell damage from the bioreactor's rotational forces. We therefore hypothesize no further decrease in cell counts after 72 hours of seeding when nerves are placed in a culture dish in the incubator after 12 hours of seeding in the bioreactor and cell medium is changed after 72 to 96 hours. Infiltration was studied by Hoechst stains of cross-sections, and mesenchymal stromal cells did not migrate on a large scale. The presence of flat sheets of cells occluding the superficial pores may have limited the ability of mesenchymal stromal cells to penetrate the inner aspects of the grafts. In contrast, it has been hypothesized that longer culture periods (weeks) may allow cells to proliferate and migrate toward the center of the graft. 37 Although mechanisms underlying the neurotrophic potential of mesenchymal stromal cells remain largely unknown, it is postulated that the local production of growth factors promotes neuronal survival and helps guide axons during regeneration. 9, 10 Although the transition from mesenchymal stromal cell to Schwann cell has been reported previously, other investigators have reported regeneration with few remaining mesenchymal stromal cells and in the absence of Schwann cell-like differentiation, suggesting alternative mechanisms of support, such as enhancing host repair mechanisms. 11, 38, 39 Growth factors could penetrate the graft by diffusion; therefore, the role of mesenchymal stromal cells migrating into the nerve allograft may not be an important variable. Zhao et al. compared the effect of mesenchymal stromal cells injected inside or outside an decellularized nerve graft and concluded that supplementing mesenchymal stromal cells around nerve grafts was effective and did not destroy the graft and had the same effect on nerve regeneration as injecting mesenchymal stromal cells inside the grafts. 31 Another concern with numerous cells in the lumen of the graft is that the cells would block the nerve growth cone during regeneration.
One limitation of the study is the lack of direct comparison to other seeding methods. Static seeding techniques yield efficiencies of approximately 10 to 25 percent, whereas dynamic techniques result in efficiencies, ranging from 60 to 90 percent. 40 Drawbacks of dynamic seeding strategies in general include prolonged seeding time in low-speed rotational systems and potential cell damage in high-speed rotational systems. 17 Our proposed bioreactor strategy does take longer than the static injection method, but decreases the potential risk of damage to both the cells and the nerve graft and improves seeding efficiency. Furthermore, dynamic seeding protocols allow the clinician to evaluate the seeded graft before transplantation, and when used for research purposes, the cells can be labeled and tracked. Other limitations include our small sample size and manual cell counts. The three-dimensional structure of the nerves impedes automated cell counts, and evaluation of infiltration of the cells was complicated by freeze and sectioning artifacts of the samples. These limitations notwithstanding, all outcome measurements were consistent and reproducible.
Leferink et al. and Tan et al. demonstrated the importance of seeding parameters. 41, 42 There is extensive literature that has repeatedly found dynamic techniques to be superior to static techniques in terms of cell seeding homogeneity and cell density. 43, 44 Most of the older studies seeded synthetic conduits that do not have an inner matrix structure. The nerve allograft, however, is more vulnerable and may be more difficult to seed adequately. Jesuraj et al. demonstrated this AMSCs, adipose-derived mesenchymal stromal cell; BMSCs, bone marrow-derived mesenchymal stromal cells.
Plastic and Reconstructive Surgery • August 2018 in their study; the insertion of a 24-gauge needle in cold-preserved acellular nerve grafts resulted in tearing of the epineurium, and this would allow the cells to escape the nerve graft. 29 With the proposed dynamic bioreactor seeding method, there is no risk of damaging of the cells or the graft, which makes it a more reliable method.
CONCLUSIONS
This study describes and validates a convenient and technically feasible method for effective seeding of cells onto decellularized nerve allografts using a dynamic bioreactor. This method can also be applied to seed other grafts or tubular structures. Cells are homogenously distributed over the graft. Also, this method minimizes cell injury, is reproducible, is operator independent, and is not traumatic to the graft or the stem cells. Twelve hours of seeding appears to be the optimal time to obtain a homogenous seeding. Use of a validated, reproducible, and effective seeding technique permits consideration of rigorous testing of cell-enhanced allografts for a range of biological parameters during optimization for possible use of these hybrid grafts in clinical applications for nerve repair. 
